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FUTURE CATALYTIC REQUIREMENTS FOR SYNTHETIC ENERGY FUELS 

G. Alex M i l l s  

Bureau o f  Mines 
U.S. Department of the I n t e r i o r  

Washington, D. C. 20240 

ENERGY FUEL NEEDS 

Until  recent ly ,  any d iscuss ion  of energy f u e l  requirements would have fea tured  such 
t o p i c s  a s  higher octane f o r  gasoline,  lower c o s t  f u e l s  f o r  genera t ion  of e l e c t r i c i t y ,  
and incent ives  f o r  increas ing  f u e l  consumption. Now, dominant i s sues  a r e  pro tec t ion  
of t h e  environment, provision of f u e l s  secure  wi th in  our  na t iona l  borders,  and more 1 

e f f i c i e n t  use of fue l s .  These new i s sues  have been d i c t a t e d  by the r e a l i z a t i o n  t h a t  
t h e  growth of energy u t i l i z a t i o n  i n  t h e  United S t a t e s  is so g rea t  as t o  exceed our 
c a p a b i l i t y  t o  produce t h e  pro jec ted  needs of o i l  and gas ,  t h e  b e l i e f  t h a t  increasing 
importation i s  reaching a l eve l  unacceptable from t h e  viewpoints o f  both na t iona l  
s e c u r i t y  and balance of t r ade ,  and t h e  growing determination t o  prevent po l lu t ion  
even a t  r e l a t i v e l y  high cos t .  

O i l  and gas now supply 75 percent of energy needs i n  t h e  United States, whereas coa l  
suppl ies  only 20 percent.  Our energy resources  are about t h e  r eve r se ,  c o a l  repre-  
sen t ing  about 75 percent of t h e  cu r ren t ly  used f o s s i l  f u e l  resources.  Addi t iona l ly ,  
l a r g e  suppl ies  of o i l  sha le  ex i s t .  

The s o l u t i o n  t o  these problems, a t  least f o r  many decades, i s  the la rge-sca le  manu- 
f a c t u r e  of syn the t i c  f u e l s  t h a t  are c lean  burning, toge ther  wi th  more e f f i c i e n t  f u e l s  
u t i z i z a t i o n  i n  generating e l e c t r i c i t x  using systems such a s  advanced power cyc les  o r  
magnetohydrodynamics. 

Recent pro jec t ions  by t h e  Bureau of Mines a n t i c i p a t e  a 3.5 percent annual increase  
i n  demand f o r  energy. Hence, our energy needs w i l l  double in  t h e  next  15 years ,  and 
a r e  expected t o  t r i p l e  by the end of the century.  I n  1970, 
69 quadr i l l i on  Btu's were used i n  t h e  U.S. I n  p r a c t i c a l  terms t h i s  i s  equiva len t  t o  
consumption f o r  every person, every day, o f  50 pounds o f  f o s s i l  f u e l s ,  namely, 22 of 
o i l ,  14 of coa l ,  and 14 of gas. By t h e  end o f  t h e  century,  coal, o i l ,  and gas needs 
are each projected t o  double. Nuclear power generation, while growing r ap id ly ,  w i l l  
then s t i l l  supply only one-fourth of energy needs. 

The fu tu re  supply of f u e l s  must a l s o  take i n t o  account various consumer groups o r  use 
s e c t o r s  of energy (2). The four sec to r s  home and commercial, i n d u s t r i a l ,  t ranspor ta -  
t i on ,  and generation of e l e c t r i c i t y  (Table 11) now are f a i r l y  evenly divided. Each 
is  expected t o  grow, although f u e l s  f o r  genera t ing  e l e c t r i c i t y ,  inc luding  nuc lear ,  
w i l l  assume a much l a r g e r  r e l a t i v e  importance, being twice any of t h e  o the r  s ec to r s  
by t h e  year 2000. Each of t h e  energy uses has s p e c i a l  requirements which are 
r e f l e c t e d  i n  d i f f e r e n t  f u e l s  c h a r a c t e r i s t i c s .  For tuna te ly ,  syn the t i c  f u e l s  can pro- 
v ide  f o r  each of t h e  energy use s e c t o r s  a s  summarized below: 

(Figure I and Table I). 

I. Home, commercial, some indus t r i a l :  
High-Btu gas 
( e s s e n t i a l l y  methane, 1000 Btu/Ft3) 

11. Generation of e l e c t r i c i t y ,  some i n d u s t r i a l :  
( a )  Low-sulfur, low-ash o i l  
(b) Low-Btu gas  

( C H q ,  %, CO mixture, w i t h  o r  without N 2 ,  
150-400 Btu/Ft3) 
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U.S. DEMANDS - QUADRILLION Btu 

Petroleum 

Natural Gas 

Coal 

Hydro power 

Nuclear 

TOTAL 

1970 1975 1985 2000 

30 36 47 66 

23 29 39 51 

14 16 22 26 

2.6 2.8 3.5 5 

0 . 2  4 .8  21  43 

68.8 89 133 192 

- - - -  

Table I - Reference, U.S .  Bureau of Mines. 



Home & C m e r c i a l  

Industrial 

Transportation 

E l e c t r i c i t y  
Generat ion 
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QUADRILLION BTU 

1970 

14.0 21 - 41 

20.3 32 - 59 

2000 - - 

16.5 36 - 52 
16.5 75 - 85 
67.3 165 - 239 - 

Table 11. Energy Consumption by Major Consumer Groups. 



I 111 

\ 

\ 

111. Transportation: 
(a) Gasoline 
(b) Gaseous f u e l  such as methane and/or hydrogen 

GASIFICATION OF COAL 

P ipe l ine  gas now suppl ies  one-third of our na t iona l  energy needs and i n  use i s  by f a r  
t he  f a s t e s t  growing of a l l  ou r  f o s s i l  fue ls .  
Figure 2 ,  r evea l s  t h a t  a shor tage  has a l ready  begun and the re  w i l l  be a l a r g e  d e f i c i t  

The demand/supply s i t u a t i o n ,  shown i n  

by 1985. Recently, plans have been announced by a number of companies t o  manufacture 
syn the t i c  gas from naphtha and c o a l  (4). 
process of g a s i f i c a t i o n  used i n  Europe i s  t h e  only technology proven commercially. 
There i s  a g rea t  opportunity t o  improve technology i n  modern conversion processes now 
under development, and s p e c i f i c a l l y  through t h e  use of c a t a l y s t s .  
v ide  a bas i s  f o r  t h e  r o l e  which improved c a t a l y s t s  could play, t h e  s t eps  of t he  
Bureau of Mines SYNTHANE coa l  g a s i f i c a t i o n  process (5,6,7) are shown i n  Figure  3. 
The process s t e p s  are pretreatment of t he  coa l  w i t h  oxygen ( t o  prevent caking and 
s t i ck ing ) ,  g a s i f i c a t i o n  ( r eac t ion  wi th  steam and oxygen), p u r i f i c a t i o n  (removal of 
CO2, HzS), s h i f t  (CO + H20-+H2 + C02) t o  br ing  H2/CO r a t i o  t o  3/1, and f i n a l l y  
methanation (CO + 3 H 2 + C b +  + H20). 

Insofar  as coa l  is concerned, the o l d e r  

In order  t o  pro- 

Gas i f i ca t ion  Cata lys i s  

The most des i r ab le  s i t u a t i o n  would be  t o  have t h e  r eac t ion  between coa l  and steam 
proceed as follows: But th i s  does not  happen r ap id ly  enough 
a t  lower temperatures, whi le  at h igher  temperature thermodynamic e q u i l i b r i a  a r e  
unfavorable f o r  high methane y i e lds .  Ind iv idua l  r eac t ions  important i n  g a s i f i c a t i o n  
are : 

C + 2H20 + CQ + CO2). 

(1) c + o2 4 c02 
(2) C H 2 e ,  CO + H2 
(3) C -I- 2H2+CHq 

It is endothermic r e a c t i o n  (2)  which is  too  slow. A p a r t i a l  s o l u t i o n  t o  t h i s  pro- 
blem i s  provided i n  t h e  SYNTHANE process by having t h e  s i n g l e  f l u i d  bed g a s i f i e r  
opera te  wi th  two zones. 
t u r e  r e a c t i o n  (2) occurs r e l a t i v e l y  rap id ly .  The upper zone, from which t h e  gas 
e x i t s ,  is a t  about 1400°F (76OoC), so t h a t  t h e  methane formed by coa l  devo la t i l i za -  
t i o n  and r eac t ion  (3) is  maximized. 

There is a need t o  ca t a lyze  r e a c t i o n  (2) t o  decrease e q u i k n t  needs and, more 
importantly, t o  permit opera t ion  a t  a lower temperature, because of thermodynamic 
equilibrium cons idera t ions ,  a higher methane content of t h e  gases leaving t h e  gas i -  
f i e r  is  achieved a t  lower temperatures. 

Catalysis o f  the steam carbon r eac t ion  has been repor ted  r ecen t ly  by t h e  Bureau of 
Mines (8), and i s  a l s o  discussed later i n  t h e  sec t ion  concerned wi th  t h e  r e l a t e d  
process o f  naphtha gas i f i ca t ion .  
age of  methane i n  water gas made from coke can be increased s i g n i f i c a n t l y  by adding 
l i m e  or certain o ther  salts t o  coke. 
and 300 ps ig ,  Haynes, Nelson, and F ie ld  (8) passed steam over a p re t r ea t ed  bituminous 
coa l  t o  which w a s  admixed 5 wt% added mater ia l  whose c a t a l y t i c  p rope r t i e s  were t o  be 
determined. The r e s u l t s  are given i n  p a r t  i n  Table 111. 

Additional experiments were c a r r i e d  out using n i cke l ,  e i t h e r  as an added sa l t  o r  i n  
a novel  approach i n  which an i n e r t  probe coated wi th  Raney n i cke l  was  i n se r t ed  i n t o  
t h e  g a s i f i e r .  

The lower zone is at about 1800°F (98Z0C), a t  which tempera- 

Earlier inves t iga to r s  have shown t h a t  the percent- 

In experiments c a r r i e d  out a t  850°C (1562OF) 
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C H 4  H2 co C g a s i f i e d  

Li2CO3 - 21 K2CO3 - 83 K2CO3 - 91 K2CO3 - 62 

Pb3O4 - 20 Li2CO3- 55 Li2C03- 72 Li2CO3- 40 
1 

FegQ4 - 18 Pb3O4 - 39 Fe304 - 60 Pb304 - 30 

Mgo - 17 CUO - 37 Cr2O3 - 55 Cr2O3 - 26 

CrpO3 - 16 Mgo - 3 5  Pb304 - 52 MgO - 26 

.l 

I 

1 
CUO - 15 Fe304 - 33 CUO - 49 Fe304 - 23 

A1203 - 14 A1203 - 33 A1203 - 45 CUO - 22 

K2CO3 - 6 CrpO3 - 25 Mgo - 2 8  AI203 - 22 

Table 111. 
) 

Coal G a s i f i c a t i o n  - Percentage Increase of  CH4* H2* CO and 
Carbon Gas i f ied  Upon Addition o f  5% of S a l t s  Shown. 



The o v e r a l l  r e s u l t s  of t h i s  i nves t iga t ion  show t h a t  t h e  use of s u i t a b l e  addi t ives  
improves t h e  steam-coal g a s i f i c a t i o n  r eac t ion  considerably.  
poss ib l e  bene f i t s  t o  t h e  "SYNTHANE" process, it appears t h a t  appropr ia te  add i t ives  
could s i g n i f i c a n t l y  increase  production of methane and hydrogen i n  t h e  gas i f i ca t ion  
s t e p ,  thereby reducing both the s i z e  of g a s i f i e r  requi red  and the processing work 
requi red  downstream of t h e  g a s i f i e r ,  such as t h e  s h i f t  r eac t ion ,  COP removal, and 
c a t a l y t i c  methanat ion. 

The study of g a s i f i c a t i o n  c a t a l y s t s  thus  f a r  has shown t h e  following: 

I n  connection with 

' 

c 

1. Alka l i  metal compounds and many o the r  materials such as oxides of iron, 
calcium, magnesium, and zinc s i g n i f i c a n t l y  increase t h e  ra te  of carbon g a s i f i -  
ca t ion  and t h e  production of des i r ab le  gases such a s  methane, hydrogen, and 
genera l ly  carbon monoxide during steam-coal g a s i f i c a t i o n  a t  85OOC (1562OF) and 
300 psig.  

2. The g r e a t e s t  y i e l d  of methane occurred wi th  t h e  use of a probe i n s e r t  
flame-sprayed wi th  Raney n i cke l  c a t a l y s t  which has a l imi ted  l i f e  of a c t i v i t y .  
S igni f icant  methane increase  r e su l t ed  from t h e  addi t ion  of 5 percent by weight 
of Li2C03, Pb304, FE304, NO, and many o ther  materials, 

3. 
w a s  small or grea t .  

The increased g a s i f i c a t i o n  r e su l t ed  whether t h e  ex ten t  of c o a l  g a s i f i c a t i o n  

4. Ca ta ly t i c  e f f ec t iveness  decreased above 75OoC (1382OF). 

5. Residue from to t a l  g a s i f i c a t i o n  of coa l  mixed wi th  potassium compounds s t i l l  
contained a s i g n i f i c a n t  concentration o f  potassium (over 10 percent )  and was 
e f f e c t i v e  as an add i t ive  i n  increasing production of hydrogen and methane. 

S h i f t  Cata lys i s  

I 
I 

The s h i f t  reac t ion ,  CO + H20 + COq + H2, is  moderately exothermic, and t h e  equi l ib-  
rium is a f f ec t ed  by temperature t o  a considerable extent as follows: 

AH (CO ) (H 
c a l o r i e s  pe r  mole =-e 

227OC (440'F) - 9,520 12 6 
327OC (620'F) - 9,294' 27 
427OC (790'F) - 9,051 7 

Although high opera t ing  temperatures a r e  des i r ab le  from t h e  s tandpoin t  of r a t e  o f  
c a t a l y t i c  r eac t ion ,  t hey  are undes i rab le  from the  viewpoint of equi l ibr ium which 
becomes unfavorable w i t h  increas ing  temperature. 

3 i o r  t o  1963 the "standard" s h i f t  c a t a l y s t  was  a r e l a t i v e l y  s u l f u r - r e s i s t a n t  
c a t a l y s t  o f  70-85% i r o n  oxide promoted by 5-15% Chromia. 
650°F (343OC). 
t u re ,  it w a s  t h e  p rac t i ce  t o  use  two c a t a l y s t  beds wi th  in te rbed  cool ing  and C02 
removal. 

I n  naphtha gas i f i ca t ion ,  a guard case has been advocated t o  prevent foul ing  of t h e  

t i o n  of oxygen and d io l e f in s .  
suboxide on s e p i o l i t e  (9). 

~ 

It was operated a t  about 
Because of equi l ibr ium l imi t a t ions  a t  t h i s  r e l a t i v e l y  high tempera- 

Y 

\ s h i f t  c a t a l y s t  by unsaturated hydrocarbons, e s p e c i a l l y  ace ty lenes ,  o r  by a combina- 
Examples of t h e  guard c a t a l y s t  are Ni-Mo-Al203 or  N i  ,\ 
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The s h i f t  conversion processing s t e p s  were g r e a t l y  s impl i f ied  when c a t a l y s t  manufac- 
turers made low-temperature s h i f t  c a t a l y s t  a v a i l a b l e  t o  t h e  indus t ry  i n  1963. 
is a copper-zinc based c a t a l y s t ,  sometimes containing chromia which is a c t i v e  a t  
temperatures a s  low a s  375OF (10). It i s  used i n  t h e  375-450 F (200-232'C) range 
where the equilibrium of the s h i f t  r e a c t i o n  i s  so favorable  t o  carbon dioxide and 
hydrogen formation t h a t  the  carbon monoxide content can b e  reduced t o  t h e  0.3-0.5 
mole percent  range without intermediate  removal of  Cog. 
t i v e  t o  poisons, p a r t i c u l a r l y  s u l f u r  and chlor ide,  than the  high-temperature s h i f t  
c a t a l y s t .  

Recently,  s h i f t  c a t a l y s t s  have been described which a r e  very a c t i v e  so t h a t  they can 
opera te  a t  low temperatures,  a r e  a c t i v e  i n  t h e i r  su l f ided  form, and a r e  r e s i s t a n t  t o  
l o s s  of a c t i v i t y  and l o s s  hardness,  even i f  contacted inadver ten t ly  wi th  l i q u i d  water. 
Auer, h r e n z ,  and Grundler (11) described a new type  of c a t a l y s t  - a cobalt/molybde- 
num c a t a l y s t  supported on s p i n e l  - which can be operated successfu l ly  below 600°F 
(316OC). 
? S / % O  r a t i o  a r e  important.  It was reported t h a t  s t a r t - u p  procedure is  of c r i t i c a l  
importance, s ince  t h e  c a t a l y s t  i n  i t s  oxidized form is  a c t i v e  t o  t h e  exothermic 
methanation react ion.  Unless care  i s  taken i n  s u l f i d a t  ion, temperatures increase t o  
about 1700% (927OC) , which deac t iva tes  t h e  c a t a l y s t .  
that avoided overheating, an a c t i v e  c a t a l y s t  was put  on stream and long p lan t  l i f e  
w a s  a t t a i n e d .  

This 

b 

The c a t a l y s t  is  more sensi-  

The c a t a l y s t  is  a c t i v e  a s  a s u l f i d e ,  so t h a t  H2S p a r t i a l  pressure and  t h e  

Using a s t a r t - u p  procedure 

S h i f t  c a t a l y s t  work has been d i r e c t e d  p a r t i c u l a r l y  t o  t h e  manufacture of hydrogen. 
However, t h e  improvements made a l so  demonstrate the opportuni ty  for  developing 
improved c a t a l y s t s  f o r  manufacture o f  synthe t ic  f u e l s  - namely, those a c t i v e  a t  
lower temperatures,  a b l e  t o  withstand s u l f u r ,  and capable of avoiding coke formation. 

Methanation 

The methanation reac t ion ,  CO + 3 % 4  CH + 0, is  highly exothermic. The heat of 
r e a c t i o n  i s  minus 50, 353 c a l o r i e s  at 1 2 h  $6OoF). C a t a l y t i c  methanation has been 
known f o r  70 years  and has been u t i l i z e d  extensively in removing small amounts of CO 
from hydrogen-containing gases .  For every 1% CO t h e  temperature rise is  over 100°F 
(38OOC). The equi l ibr ium is unfavorable a t  high temperatures,  so a temperature over 
825'F (440OC) i s  avoided, and a maximum of 2% (CO + C02) i n  t h e  feed i s  usual.  The 
composition of a t y p i c a l  c a t a l y s t  is 77% N i  oxide and 22% Al2O3: It i s  e a s i l y  
poisoned by s u l f u r  and a l s o  rendered inac t ive  by carbon depos i t ion  and by s in te r ing .  
Greyson (12) has reviewed methanation thoroughly from thermodynamic and c a t a l y t i c  
viewpoints.  
appear t o  be t h e  most s u i t a b l e  f o r  use a s  methanation c a t a l y s t s .  
of c a t a l y s t s  has been repor ted ,  e s p e c i a l l y  by memebers of t h e  B r i t i s h  Gas Research 
Board and the  U.S. Bureau of  Mines. 
used t o  overcome t h e  severe problems of t h e  high heat  re lease .  

The U.S. Bureau of Mines made a f a i r l y  complete study of a reduced and n i t r i d e d  
s t e e l - s h o t  c a t a l y s t .  
this c a t a l y s t  in  a f lu id ized-ca ta lys t -bed  r e a c t o r  a r e  shown i n  Figure 4. 
t i o n  of hydrocarbons higher  than methane is indicated,  and is  a reminder of t h e  other  
type of r e a c t i o n  - namely, t h e  Fischer-Tropsch r e a c t i o n  - i n  which t h e  synthes is  of 
hydrocarbons i n  the g a s o l i n e  range i s  t h e  objec t ive .  Greyson a l s o  discussed c a t a l y s t  
l i f e  i n  terms of s u l f u r  poisoning, thermal s t a b i l i t y ,  and carbon deposi t ion.  

Recently,  Forney and a s s o c i a t e s  (13, 14) have described a very i n t e r e s t i n g  c a t a l y s t  
termed t h e  tube-wall r e a c t o r .  This c a t a l y s t  i s  prepared by flame-spraying a nickel-  
aluminum a l l o y  on tubes  of 2-inch diameter so as t o  form a bonded layer .  
is then  p a r t i a l l y  leached w i t h  c a u s t i c  t o  form a Raney-type c a t a l y s t  adherent t o  t h e  
tube  w a l l .  
tube,  which makes f o r  a more p r a c t i c a l  engineering system, and the  SYNTHANE p i l o t  
p l a n t  i s  being designed w i t h  t h i s  f o r a  of a tube-wall reac tor .  

The group VIII t r a n s i t i o n  elements mainly i ron ,  n icke l ,  and cobal t ,  
A very wide range 

Likewise a v a r i e t y  of reac t ion  systems has been 

The e f f e c t s  o f  temperature on t h e  a c t i v i t y  and s p e c i f i c i t y  of 
The forma- 

The coating 

By having a hea t  t r a n s f e r  mater ia l  such a s  Dowtherm on one s i d e  of the  
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Further  improvements i n  methanation c a t a l y s t s  a r e  one of the most f e r t i l e  f i e l d s  for  
research. 
requirement is  about 0.1 ppm H2S) and t h a t  a r e  ab le  t o  withstand higher  temperature 
increases  without s i n t e r i n g  and l o s s  of a c t i v i t y .  Also needed a r e  c a t a l y t i c  reac tor  
systems capable of removing h e a t  without c o s t l y  equipment o r  high recyc le  gas r a t e s .  

Catalysts  a r e  needed t h a t  a r e  much l e s s  s e n s i t i v e  t o  s u l f u r  (present  

Catalysis  f o r  Synthet ic  Fuels  Manufactured by Naphtha Reforming 

Reforming naphtha c o n s i s t s  of i t s  r e a c t i o n  wi th  steam t o  produce a gaseous mixture 
containing C02, CO, H2, and CHq. 
t u r e  o r  f o r  t h e i r  f u e l  gas  u t i l i t y .  
permitted t h e  in t roduct ion  of a continuous process in England w i t h  grea t  success (15). 

For manufacture of hydrogen, a low area c a t a l y s t  operat ing at high temperature is  
most s u i t a b l e .  
a c t i v e  a t  lower temperature is. preferable .  Elevated pressure and temperature a r e  
employed. 
have been announced f o r  naphtha g a s i f i c a t i o n  i n  t h e  U.S. using t h e  B r i t i s h  CRG 
Process. 

These gases  may be employed f o r  hydrogen manufac- 
The development of nickel-containing c a t a l y s t s  

For maximum production of methane however, a high a rea  c a t a l y s t  

Recently (1971), w i t h  the c r i t i c a l  shortage of gas i n  the  U.S., six plants  

The re la t ionship  between c a t a l y t i c  formulation and c a t a l y t i c  performance is c r u c i a l  
(16). The main causes  of c a t a l y s t  f a i l u r e  a r e  s i n t e r i n g ,  with r e s u l t a n t  loss  of 
a c t i v e  area,  and foul ing by t h e  deposi t ion of coke. F i r s t  of a l l ,  it is  necessary t o  
keep t h e  (CO)/(COz) r a t i o  l o w  enough t o  prevent t h e  r e a c t i o n  2 CO-C + C02 from 
occurring. More important it is necessary t o  ca ta lyze  t h e  oxidat ion of carbon with 
steam (C + H20+C0 + 3) .  
r a t i o  (defined as moles  of steam per  carbon a tom i n  t h e  feed) w i t h  a supported n icke l  
c a t a l y s t ,  using a bas ic  support .  

The inf luence of supports  on carbon-forming tendencies  has been t e s t e d  (17), and the 
r e s u l t s  a r e  expressed as  minimum steam r a t i o  t o  prevent coking. For china clay sup- 
por t  it is about 10, f o r  alumina about 4.3, and f o r  magnesia 3.7,  under one s e t  of 
condi t ions.  Prom these  r e s u l t s  it was deduced t h a t  the g r e a t e r  t h e  a c i d i t y  of the 
support ,  t h e  grea te r  t h e  ease of carbon formation. This cons is ten t  w i t h  the  f a c t  
t h a t  s i l ica-alumina is a good cracking c a t a l y s t .  

Urania and alumina have been used as supports  f o r  nickel-containing steam-reforming 
c a t a l y s t s  (17). It has been reported t h a t  uran ia  i s  more a c t i v e  i n  promoting steam 
cracking than gamma-alumina, because it i s  an oxygenodeficient compound. 

I n  order t o  opera te  at  an even lower steam r a t i o ,  a f u r t h e r  c a t a l y t i c  species  must be 
incorporated which ca ta lyzes  t h e  steam oxidat ion of carbon. (16, 18). This becomes 
more important as the moleculer s i z e  of t h e  hydrocarbon charge increases ,  s ince  
l a r g e r  molecules crack and form polymers more rap id ly .  
rate must exceed the r a t e  of hydrocarbon cracking and carbon deposi t ion.  
a l k a l i e s  f u l f i l l  t h i s  funct ion without excessively poisoning t h e  reforming a c t i v i t y  
of the  n icke l ,  

Probably t h e  success of a l k a l i z e d  nickel-reforming c a t a l y s t s  i s  due primari ly  t o  
t h e i r  a b i l i t y  t o  increase  t h e  r a t e  of removal of carbon res idues  from t h e  n icke l  sur-  
face  by steam g a s i f i c a t i o n  (C + H 2 0 j  CO + €12). 

The a v a i l a b l e  evidence suggests  t h a t  the  mobil i ty  of a l k a l i e s  on the c a t a l y s t  surface 
accounts f o r  t h e i r  e f f e c t i v e n e s s  i n  ca ta lyz ing  t h e  steam-carbon r e a c t i o n .  
mobil i ty  of the a l k a l i e s  has severa l  other  e f f e c t s ,  including some l o s s  in  a c t i v i t y  
of t h e  n icke l ,  n e u t r a l i z a t i o n  o f  a c i d  c a t a l y s t  sites, and physical  l o s s  of a l k a l i .  
Incorporat ion of a non-vola t i le  a lka l i -conta in ing  cons t i tuent  has been reported 
which, during t h e  operat ion of the  reformer, very slowly decomposes, l i b e r a t i n g  
a l k a l i  (15). 

It has been found possible  t o  operate  a t  a lower steam 

The steam-carbon reac t ion  
The group I 

The 
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Although t h e  exce l len t  c a t a l y t i c  work on steam-reforming c a t a i y s i s  i s  of g r e a t  
i n t e r e s t  f o r  reforming naphtha, t h e  ideas  and f ind ings  should a l s o  be  app l i cab le  i n  
fu tu re  development of c a t a l y s t s  f o r  s o l i d  and r e s idua l  f u e l s  gas i f i ca t ion .  
a l so ,  t h e  incorporation of a l k a l i  substances can become of g rea t e s t  importance. 

Coal Liquefaction Cata lys i s  

Coal l iquefac t ion  has assumed a new importance i n  i t s  p o t e n t i a l  f o r  manufacture of a 
clean-burning fue l  fo r  powerplants. There i s  a g rea t  need f o r  a low-sulfur,  low-ash 
syn the t i c  f u e l  t o  s a t i s f y  environmental requirements. The r ap id ly  e s c a l a t i n g  p r i ces  
of such a f u e l  now make coa l  l i que fac t ion  a t t r a c t i v e  f o r  t h i s  purpose. 

Here, 

As i s  w e l l  known, coa l  l i que fac t ion  has a l ready  been demonstrated i n  t h e  remarkable 
German achievement of providing syn the t i c  f u e l s  from coa l  during World War 11. I ron  
o r  t i n  c a t a l y s t s  were used success fu l ly  t o  hydrogenate coa l  t o  l i q u i d  form. 
t h a t  t i m e ,  g r ea t  improvements have been made by t h e  petroleum indus t ry  i n  providing 
c a t a l y s t s  such as platinum alumina and cobalt-molybdena-alumina capable of upgrading 
crude o i l s .  These c a t a l y s t s  w i l l  con t r ibu te  g r e a t l y  i n  converting low-quality tar 
from coa l  i n t o  high-quality petroleum products including gasoline.  

A number of new c a t a l y t i c  systems have been reviewed r ecen t ly  (19). These include 
t r a n s i t i o n  metal complexes, a l k a l i  metals, v o l a t i l e  c a t a l y s t s ,  hydrogen-donor 

, l i qu ids ,  reductive a lkyla t ion ,  hydrogen generated by r eac t ion  of CO and w a t e r ,  and 

\) Since 

~ bas i c  c a t a l y s t s .  

Pa r t i cu la r  mention should be made of t h e  invent ion  of t he  ebul la ted  c a t a l y s t  bed 
r eac to r  u t i l i z e d  by t h e  €I-Coal process. (20) The c a t a l y s t  brings about coa l  l ique-  
f ac t ion  and hydrodesulfurization. A unique f e a t u r e  of t h i s  r eac to r  system is  the  
a b i l i t y  t o  operate a c a t a l y s t  system continuously wi th  a feed cons i s t ing  of so l id s ,  
l iqufd ,  and gas. The upward flow of t h e  feed maintains t h e  c a t a l y s t  i n  a s ta te  of 
random motion tha t  r e s u l t s  i n  a system of m i n i m u m  pressure drop, isothermal condi- 
t i ons ,  and continuous passage of unconverted coa l  and ash  from t h e  r eac to r .  Cata lys t  
can be added t o  and removed from the  r e a c t o r  during operation. 

Another process of considerable promise is  known a s  t h e  PAMCO o r  so lvent  r e f ined  c o a l  
process ( 2 i ) .  A mixture of coa l  and o i l  i s  contacted wi th  hydrogen a t  1000 p s i  o r  

' more, bringing about coa l  l iquefac t ion .  A tar is produced which can be f i l t e r e d  when 
hot s o  as t o  make a low-ash f u e l  product. Some desu l fu r i za t ion  occurs  a l s o ,  so t h a t  
by s t a r t i n g  wi th  a f a i r l y  low s u l f u r  coa l  such as l i g n i t e ,  a low-sulfur syn the t i c  
f u e l  i s  obtained. While no c a t a l y s t  is added, it seems l i k e l y  t h a t  c e r t a i n  elements 
i n  t h e  ash  are e f f ec t ive  i n  hastening t h e  a c t i o n  of hydrogen. 

' 

Recent work a t  the  Bureau of Mines has  shown t h a t  under similar condi t ions  CO contain- 
ing gases p lus  water bring about coa l  l i que fac t ion  even more r e a d i l y  than  hydrogen 
a lone  (22).  

In another approach by t h e  Bureau of Mines (23) ,  it w a s  reported that  under condi- 
t i o n s  of highly turbulen t  f l m  of hydrogen, a h igh-su l fur  bituminous coa l  suspended 
i n  coa l  t a r  can be hydrodesulfurized by continuous processing through a f ixed  bed of 
pe l l e t i zed  cobalt-molybdena-alumina c a t a l y s t .  
obtained. For example ( t a b l e  I V ) ,  using t h e  feed containing 30% coa l  of 3.4% s u l f u r  
suspended i n  a t a r  of 0.6% s u l f u r  and process condi t ions  of 200' ps ig  and 450% 
(842OF), the whole l i que f i ed  product was 93% of the  feed and had 0.4% s u l f u r .  The 
benzene-soluble f r ac t ion  of t h i s  product gave an 87% y i e l d  of fue l  o i l  having only 

' 
High y i e l d s  of low-sulfur o i l  were 

4 

' 
' 

'\ 0.14% su l fu r .  



1 20 

Sulfur  i n  Feed - w t .  pct.  

Sul fur  i n  Whole Product - w t .  pc t .  

OPERATING PRESSURE 
p s i  

4000 2000 

1.41 1.41 

0.30 0.42 

Yield of Whole Product - w t .  pct.  feed 94.0 92.9 

O i l  (Hexane + Benzene Sol) - wt. pct.  product 91.2 87.1 

Sul fur  i n  O i l  - w t .  pct .  0.09 0.14 

Residue (Ash +Organic)  - w t .  pct .  product 8.8 12.9 

Sul fur  i n  Residue - wt. pc t .  2.91 1.88 

Product, wt. pct .  
Hexane Sol 
Benzene Sol, Hexane  i n so l .  
Benzene Insol.  Residue 

82.. 1 69.2 
9.1 17.9 
8.8 12.9 

Table I V .  I iydrodesulfurization of Indiana No. 5 Steam Coal Suspended in  
Tar (30:70 Coal: Tar)  a t  45OoC Over Co-Mo-Al203 Cata lys t .  
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Special  c a t a l y s t  and process techniques a r e  needed because of t h e  unusual chemical 
na ture  of coa l ,  which conta ins  f a i r l y  l a r g e  molecules containing c l u s t e r s  of aromatic 
nuc le i ,  and r e l a t i v e l y  high q u a n t i t i e s  of heteroatoms, and because of t h e  presence of 
ash. 

Such c a t a l y s t s  should have a pore size d i s t r i b u t i o n  so t h a t  l a r g e  coa l  molecules 
en ter  f ree ly ,  but ash,  cons is t ing  of f i n e  clay p a r t i c l e s ,  i s  excluded. Cata lys t s  a r e  
needed t h a t  a r e  capable of breaking up t h e  nuclear  c l u s t e r s ,  and t h a t  have a high 
r a t i o  of hydrogenation/cracking funct ions so a s  t o  minimize hydrogen consumption. 
Maintenance of a c t i v i t y  i s  most important. 
needed; for  example, a lkyla t ion ,  which is now known t o  cause s o l u b i l i z a t i o n ,  pre- 
sumably by bringing i r r e g u l a r i t i e s  t o  the  coa l  s t r u c t u r e .  

In  summary, c a t a l y t i c  coal  l iquefac t ion ,  although having an outs tanding h i s t o r y ,  
p resents  a tremendous f i e l d  f o r  f u t u r e  c a t a l y t i c  developments using modern 
technology (24).  

Possibly e n t i r e l y  novel chemistry i s  

Y 

, 



1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

122 

REFERENCES 

Morton, Rogers C. B. 
U.S. Senate, (SR 45), June 15, 1971. 

Mi l l s ,  G. A., Perry, H., and Johnson, H. R. 
5, No. 1, 30 (1971). 

Statement before  Committee on I n t e r i o r  and I n s u l a r  A f f a i r s ,  

Environmental Science and Technology, 

Wright, M. A. Statement before  t h e  Governors Conference, 1971. 

Mills, G. A. Environplental Science and Technology, 5, NO. 12, 1178, 1971. 

Forney, A. J., Gasior, S. J., Haynes, W. P., and Katell, S. U.S. Bureau of  Mines, 
Technical Progress Report 24, 1970. 

Forney, A. J., K a t e l l ,  S., and Crentz, W. L. Proceedings American Power Conference, 
32, 428, 1970. I 

Mil ls ,  G. A. Proceedings 3rd  Synthet ic  P i p e l i n e  Gas Symposium, p. 57, 1970. 

Haynes, W. P., Neilson, H., and F i e l d ,  J. H. Presented Petroleum Division American 
Chemical Society, Los Angeles, 1971. 

Newlin, W. B. S., and Rich, J. S h i f t  Conversion a t  Near Atmospheric Pressure. 
Res .  Communication GC 120 B r i t i s h  Gas Council, 1965. 

Moe, J. M. P r e p r i n t s ,  D i v .  Pet. Chem., Am. Chem. SOC., Sept. 1963. 

Auer, W., LOrenz, E., and Grundler, K. H. Pres. 68th N a t .  Meet. A.I.Ch.E., Houston, 
1971. 

Greyson, M. 
i 

Ch. 6, vol .  4, Cata lys i s  Ed., Emmett ,  P. H., Reinhold, N e w  York, 1956. 

F ie ld ,  J. H., and Forney, A. J. Proceedings Synthe t ic  P i p e l i n e  Gas Symposium, p. 83 
1966. 

Forney, A. J., and Haynes, W. P. The Synthane Coal-to-Gas Process: A Progress 
Report. Prepr in ts  Divis ion Fuel  Chem., Am. Chem. SOC., Sept. 1971. 

Davies, H. S., Lacey, J. A., and Thompson, B. H. Processes  f o r  t h e  Manufacture of 
Natural-Gas S u b s t i t u t e s  R e s .  Communication G.C. 155, B r i t i s h  Gas Council, 1968. 

Andrew, S. P. S. I & E Chem., Product R&D, 8, No. 3, 321, 1969. 

Bhat ta ,  K. S. M., and Dixon, G. M. I & E Chem., Product R&D, 8, No. 3, 324, 1969. 

Fox, J. M. and Yarze, J. C. Prepr in ts ,  Div. Pet. Chem., Am. Chem. SOC., Sept. 1963. 

Mills, G. A. 

Johnson, C. A., Hellwig, K. C., Johanson, E. S., S t o t l e r ,  N. H., Chervenak, M. C - ,  
and Layng, E.T. 8 t h  World Petroleum Congress, Moscow, 1971. 

I 

f 

Ind. Eng. Chem., 61, No. 76, 1969. 
/- 

Brant, V. I,., and Schmid, B. K. Chem. Eng. Progress ,  65, No. 12, 55, 1969. -7 

I Appell, H., and Wender, I. Prepr in ts ,  Div. Fue l  Chem., Am. Chem. SOC., Sept. 1968. 



123 
2 3 .  Akhtar, S . ,  Friedman, S . ,  and Yavorsky, P. M .  U.S. Bureau of  Mines, Tech. Prog. 

Rept. 3 5 ,  1971. 

. 2 4 .  Hil l ,  G .  R.  Coal's New Roles, Div. Fuel Chem., Am. Chem. S O C . ,  Washington, D.  C . ,  
1971. 

Reference to trade names i s  made to f a c i l i t a t e  understanding and does- not imply 
endorsement by the Bureau of Mines. 

\ 


